Allogeneic stem cell transplantation (alloSCT) remains the only curative option for CLL patients. Whereas active disease at the time of alloSCT predicts poor outcome, no standard remission-induction regimen exists. We prospectively assessed outcome after cisplatin-containing immune-chemotherapy (R-DHAP) followed by alloSCT in 46 patients (median age 58 years) fulfilling modified European Society for Blood and Marrow Transplantation (EBMT) CLL Transplant Consensus criteria being refractory to or relapsed (R/R) o1 year after fludarabine or o 2 years after fludarabine-based immunochemotherapy or R/R with del(17p). Twenty-nine patients received ⩾ 3 cycles of R-DHAP and sixteen o 3 cycles (4 because of disease progression, 8 for toxicity and 4 toxic deaths). Overall rate of response to R-DHAP was 58%, 31 (67%) proceeded to alloSCT after conditioning with fludarabine and 2 Gy TBI. Twenty (65%) remained free from progression at 2 years after alloSCT, including 17 without minimal residual disease. Intention-totreat 2-year PFS and overall survival of the 46 patients were 42 and 51% (35.5 months median follow-up); del(17p) or fludarabine refractoriness had no impact. R-DHAP followed by alloSCT is a reasonable treatment to be considered for high-risk CLL patients without access or resistance to targeted therapies.
INTRODUCTION
Allogeneic stem cell transplantation (alloSCT) is the only potentially curative treatment for patients with CLL. [1] [2] [3] [4] [5] [6] Evidence for a GvL effect comes from the observation that responses can occur after discontinuation of immunosuppression, [7] [8] [9] after donor lymphocyte infusion 10, 11 and after onset of chronic GvHD (cGvHD). 7, [12] [13] [14] AlloSCT overcomes the poor prognostic impact of fludarabine refractoriness and the presence of deletion(17p)[del (17p)], [1] [2] [3] 8, 15, 16 and the GvL effect seems to be preserved after reduced intensity conditioning. 1, 8, 15, 16 Therefore, alloSCT was proposed for patients with poor survival with non-transplant treatments: (1) purine analog refractory/relapsing (R/R) o12 months, or (2) R/R o2 years after purine-analog-based combination therapy or (3) del(17p)/ TP53 abnormalities present (EBMT Transplant Consensus on alloSCT in CLL). 17 High disease burden and chemorefractory disease at the time of alloSCT have been identified as negative predictors of PFS. 1, 18, 19 Therefore, before alloSCT effective remission-induction treatment is mandatory, but as of today no standard regimen exists. It is also currently unknown what percentage of patients fulfilling one or more of the EBMT criteria and planned for alloSCT, actually are being transplanted.
Here we report results of a prospective multicenter single-arm phase 2 study in high-risk CLL patients fulfilling one or more of the EBMT Transplant Consensus criteria, where a uniform remissioninduction therapy with R-DHAP (cisplatin, cytarabine, steroids and rituximab) before alloSCT was applied. The rationale for choosing R-DHAP was derived from both clinical observations and in vitro studies. DHAP induced a response in 8/10 patients with fludarabine-refractory or relapsed disease, 20 and a similar response rate was suggested from a small retrospective study. 21 In vitro studies demonstrated that platinum-based compounds induce TP53-independent cell death of CLL cells from chemorefractory CLL patients. 22, 23 Rituximab was added to the DHAP chemotherapy backbone as it appeared to be of additive value in the relapsed setting when combined with chemotherapy. 24, 25 
PATIENTS AND METHODS Patients
Eligible patients were in need of treatment 26 with poor-risk CLL according to one of the following modified EBMT Consensus criteria 17 : fludarabine refractoriness (defined as no response or relapse o 12 months after the last administration of fludarabine), or relapsed o24 months after the last administration of fludarabine combined with a monoclonal antibody, or refractory or relapsed and having del(17p). Patients had to be 18-70 years inclusive with a WHO performance ⩽ 2 and a hematopoietic cell transplantation-comorbidity index (HCT-CI) ⩽ 2. 27 For the exclusion criteria see Supplementary Material.
A donor search had to be initiated immediately after registration. Eligible donors were siblings or unrelated volunteers who were HLA-identical by high-resolution HLA-A, -B, -C and -DR typing; 7/8 HLA-allele-matched donors were accepted. The study was approved by the Dutch and Belgian central and by all local ethical committees. Signed informed consent forms were obtained from all included patients before registration. During the inclusion period no competitive studies were open in the Netherlands and Belgian. Idelalisib or ibrutinib were not available at that time.
Treatment
Following registration, patients were scheduled for treatment with at least three R-DHAP cycles 28 (for dose reduction schedule see Supplementary Material). The dose of rituximab was 375 mg/m 2 in cycle 1 and 500 mg/m 2 in subsequent cycles. Non-progressive patients with a ⩾ 7/8 HLA-allele matched donor and without uncontrolled infections and HCT-CI ⩽ 2 27 were allowed to proceed with alloSCT. Conditioning was with IV fludarabine (30 mg/m 2 ) for 3 days and 2.0 Gy TBI. GvHD prophylaxis was by cyclosporin and mycophenolate-mofetil or enteric-coated mycophenolate sodium. 1 Minimal residual disease (MRD) was measured by flowcytometry using a three tube system being effective at the 0.01% threshold. 29 Response evaluation was according modified National Cancer Institute criteria. 26 
Statistical considerations and methods
The primary end point of the study was 2-year PFS from registration with progression defined as progression or relapse 26 or death due to any cause whichever came first. The study aim was to assess the feasibility and efficacy of remission-induction chemotherapy followed by alloSCT. The sample size calculation was based on the assumptions that 2-year PFS of patients fitting the entry criteria was~25% without alloSCT at the time this study started 17, 24, [30] [31] [32] [33] [34] [35] and that protocol treatment would result in 2-year PFS of at least 45% from registration, which resulted in 41 required patients (for details see Supplementary Material). All analyses were intention to treat, restricted to eligible patients. The Mann-Whitney U-test was used to compare times between registration and alloSCT for recipients of stem cells from sibling and unrelated donors. PFS and overall survival (OS) probabilities were estimated applying the Kaplan-Meier method. To assess the feasibility of the study with regard to the primary end point, the PFS (from registration) at 2 years together with the 95% confidence interval (CI) was estimated. In the analysis of the PFS, the failure events (progression, death without progression) were considered as competing risk events. Univariate Coxregression analyses were applied to test differences in PFS with regard to patient characteristics at entry (age, bulky lymphadenopathy (⩾1 lymph node with a diameter ⩾ 5 cm on computed tomography (CT) scan)), del (17p); and at alloSCT (stable disease (SD) vs responsive, WHO performance, HCT-CI, EBMT scores). Hazard ratios (HR) and 95% CIs based on univariate Cox-regression analyses were estimated. Associations of selected risk factors were investigated applying logistic regression. All reported P-values are twosided, and have not been adjusted for multiple testing.
RESULTS

Patient characteristics at entry
Fifty patients were included between February 2009 and December 2012; four were ineligible (Richter's syndrome (n = 2), uncontrolled infection (n = 1) and a psychological condition hampering study protocol compliance (n = 1)) and were excluded from all analyses (Figure 1 ). Eighteen patients had del(17p) and 18 other patients had fludarabine-refractory disease. Other characteristics of the eligible patients are given in Table 1. R-DHAP remission induction Dosing. Twenty-nine patients received ⩾ 3 R-DHAP cycles (63%; five had 43 cycles), 9 received two cycles (20%) and 7 received According to the definitions as described in Patients and Methods section.
Prospective study of induction and alloSCT in CLL M van Gelder et al only 1 (17%; Figure 1 ). The vast majority received full doses (Supplementary Table 1 ). Four had cisplatin dose reductions because of decreased renal function. Reasons for not receiving 3 R-DHAP cycles were toxicity (eight patients, of whom three had a documented response at the time of discontinuation), nonprogression-related mortality (NPM, four patients) and progressive disease (PD) (four patients, three after the 1st cycle of R-DHAP, one after the 3rd). One patient never received R-DHAP (doctor's decision).
Efficacy. Overall response rate after R-DHAP was 58% (95% CI: 43-73%): 2 MRD-negative CR (4%), 2 CR (4%) and 23 PR (50%; Table 2 ). Six patients had stable disease (13%) and five PD (11%).
Response could not be assessed in 8 (18%) because of early death or going off protocol because of toxicity. Response rates did not significantly differ between patients with a different transplant indication according to EBMT Transplant Consensus criteria (odds ratios (OR) and 95% CI were 1.10(0.28-4.26) for fludarabine refractoriness versus del(17p) and 1.05(0.21-5.16) fludarabine combination therapy refractory versus del(17p) respectively; overall P = 0.99), or between patients with or without bulky lymphadenopathy (OR = 1.06 (0.30-3.76); P = 0.93; Table 2 ).
Toxicity. Forty-four grade ⩾ 3 non-hematologic adverse events were observed in 36 patients (Supplementary Table 2 ). Among the first 16 patients 4 in whom bacterial prophylaxis had not been given developed sepsis (three died). After centers had been instructed to strictly adhere to anti-bacterial prophylaxis (in most cases fluoroquinolones) no lethal infections were observed in the subsequent 30 patients. Total NPM during R-DHAP remission induction was 9% (4/45). One patient had tumorlysis after the first R-DHAP cycle. Renal function was not impaired after the last R-DHAP cycle in almost all patients; only four patients had grade 1 renal toxicity. The reasons for going off protocol of the four patients that were not assessable for response evaluation were poor performance due to infections (n = 3) and cisplatin-induced seizures.
AlloSCT Thirty-one patients proceeded to alloSCT (67%; Figure 1 ), of whom 27 had received ⩾ 3 R-DHAP cycles and four patients 2 cycles. Of the 12 transplanted patients who had bulky lymphadenopathy at start of R-DHAP treatment, only 2 had still bulky lymphadenopathy at the time of alloSCT. Appropriate donors were found for 29 patients and in all but one G-CSF-mobilized peripheral blood stem cells (PBSC) were used as stem cell source. ATG was added to the conditioning regimen in ten patients (all 18 matched unrelated donor (MUD) recipients); four of these had a o 10/10 HLAmatched donor. Two patients received cord blood stem cells. These and other disease-and transplant-related characteristics are listed in Table 3 . The median time from registration to alloSCT for patients transplanted from sibling donors was 111 days (mean 122, range 90-167), and 134 days for recipients of MUD donor stem cells (mean 162, range 88-510, P = 0.07). Twenty-three patients achieved full donor chimerism, three had between 85% and 95% documented donor chimerism, one had maximal 82% donor chimerism and two died from aGvHD before being tested for chimerism ( Figure 2) . In two other patients chimerism was not tested. One patient rejected the donor graft, but full donor engraftment resulted after a second transplant from the same donor.
Efficacy. Following alloSCT, the response status improved in 19 of 24 evaluable patients (Table 4 ; Figure 2 ). Eighteen achieved MRD-negative CR (75%; 2 patients had no formal CR because a CT-scan had not been performed), 2 CR (MRD not tested) and 1 PR at any time point after alloSCT. Two had SD, which persisted in one despite administration of three escalating doses of donor lymphocyte infusion. Five patients had PD after transplantation (Figures 2, 3a ) of whom one more than 4 years after transplantation; four died and one was alive at last follow-up with ibrutinib responsive disease. Documented MRD negativity at any time after alloSCT occurred in 4 patients during tapering of immunosuppression, in 12 soon after cessation of immunosuppression and in 2 at later time points. All but one MRD-negative patients had cGvHD.
PFS at 1 and 2 years after alloSCT were 65% (95% CI 45-79%) and 61% (95% CI 42-76%; Figure 3c ), median PFS was 50 months (95% CI 8 months-not reached) with a median follow-up of patients alive of 32 months (range 15-59). In univariate analysis only age had a statistically significant impact on PFS (HR 1.09, 95% CI 1.01-1.17, P = 0.029), whereas number of prior therapies (as a continuous variable), del(17p), fludarabine refractoriness, R-DHAP responsive disease, donor type (HLA-identical sibling, 10/10 HLA-matched and o10/10 HLA matched), EBMT score, WHO score (0 or ⩾ 1) and HCT-score (0 vs ⩾ 1) at the time of alloSCT had not.
Toxicity. Grades 2-4 aGvHD occurred in 14 patients (45%); 4 had a sibling donor, 9 had a MUD and one received cord blood stem cells. aGvHD was lethal in six (1 had a sibling donor, 4 had a MUD (2 10/10 and 2 9/10 HLA-matched (the latter had received ATG as part of the conditioning)) and 1 had received cord blood). One other patient died from leukoencephalopathy most likely calcineurin inhibition-related as infections like JC virus, CMV and 
Abbreviations: alloSCT = allogeneic stem cell transplantation; MRD = minimal residual disease; NPM = non-progression-related mortality; ORR = overall response rate, PD = progressive disease; SD = stable disease. a Due to toxicity no response measured.
Prospective study of induction and alloSCT in CLL M van Gelder et al toxoplasmosis were excluded. Nineteen of the 26 patients at risk for cGvHD developed cGvHD ( Figure 2 ) and two of them died as a result of cGvHD. NPM was 16% at 100 days post alloSCT and 26% at 2 years (Figure 3b ).
Intention-to-treat analysis (from study entry) At closure of the database (12 January 2015) 18 of the 46 eligible patients were still alive with a median follow-up of 35.5 months (range 0.2-62); 17 of the 18 patients still alive had been transplanted on protocol. The overall response rate (ORR) was 67% (95% CI 53-82%). The primary end point PFS at 2 years was 42% (95% CI 27-56%) (Figure 4a ) and the median PFS was 16 months (95% CI 8-54 months). Twelve patients died from PD (26%) and 16 (35%) from NPM.
In univariate analysis, age had a statistically significant influence on PFS (HR 1.07, 95% CI 1.0-1.1, P = 0.009). There was a trend for bulky lymphadenopathy at the time of starting R-DHAP to predict shorter PFS (HR 2.04, 95% CI 0.9-4.5, P = 0.08). The reason for this trend is unclear because of the heterogeneous nature of the events: sepsis during R-DHAP, or disease progression either during R-DHAP or early or late after alloSCT, and lethal aGvHD. A longer time between study entry and alloSCT (median time 4.1 months, range 3.0-8.2) also resulted in a shorter PFS (HR 1.63, 95% CI 1.03-2.57, P = 0.053). The presence of del(17p) (HR 0.44, 95% CI 0.3-1.6, P = 0.44) or fludarabine refractoriness (HR 1.23, 95% CI 0.59-2.58, P = 0.59) had no impact.
According to the ITT analysis, the 2-year OS was 51% (95% CI 36-64%) and the median OS 24 months (95% CI 9 months-not reached; Figure 4b ).
DISCUSSION
AlloSCT is currently the only potentially curative treatment for high-risk CLL. [1] [2] [3] [4] [5] [6] The drawbacks of this procedure are NPM and cGvHD-related morbidity, justifying alloSCT only for very high-risk CLL patients. 17 Our report is the first that prospectively describes outcome of patients that fulfill one or more of the EBMT Transplant Consensus criteria, have a treatment indication and entered the study at the start of remission induction with the aim to proceed to alloSCT. Because of the urgent treatment indication and because as of today no established effective salvage remission-induction treatment before alloSCT is available, we chose R-DHAP based on promising clinical and in vitro data. 20, 23, 36, 37 R-DHAP resulted in remission or SD in the majority of patients of whom almost all subsequently proceeded to alloSCT (patients with progressive disease were not transplanted according to the protocol). The total treatment sequence of R-DHAP and alloSCT (only for those with at least stable disease after R-DHAP, a suitable medical and physical condition and the availability of a donor) resulted in a 2-year PFS of 42% (95% CI 27-56%), while based on literature before the use of targeted agents, a 2-year PFS of 25% was expected without alloSCT. This indicates that patients fitting the entry criteria of this study may fare better when treated with alloSCT than with non-alloSCT (immune-)chemotherapy based treatments, which is in line with a recent retrospective donor vs no donor comparison. 38 The 58% ORR to R-DHAP compares favorably with recent publications on the use of platinum and cytarabine in high-risk CLL, 20, 36, 37 and we confirmed that the response rate is independent of the presence of del(17p). Infections were common during R-DHAP remission induction, but it must be emphasized that strict adherence to the use of bacterial prophylaxis as was mandated from the 16th patient prevented the occurrence of severe sepsis. Eight patients received 2 instead of 3 cycles of R-DHAP due to toxicity, although 4 nonetheless could proceed to alloSCT. Renal toxicity was infrequent and, when occurring, reversible by IV saline infusion in almost all cases, and cisplatin dose reduction for renal toxicity was rarely required. We feel that when bacterial prophylaxis is standardly applied, R-DHAP is an effective and feasible bridging therapy in high-risk CLL patients scheduled for alloSCT.
The results of alloSCT in this study with respect to NPM were slightly inferior to some retrospective reports of T-replete alloSCT 3, 19 but not all, 1 and do not differ from EBMT registry based data, [39] [40] [41] while cumulative incidence of relapse and 2-year PFS seem slightly superior to the EBMT registry data and similar to the other reports. The cumulative incidence of MRD-negative CR is similar as reported in the retrospective studies. 1, 3, 19 This indicates that remission induction by R-DHAP did not compromise the anti-CLL effect of the successively performed alloSCT. Abbreviations: alloSCT = allogeneic stem cell transplantation; HCT-CI = hematopoietic cell transplantation-comorbidity index; MRD = minimal residual disease; SD = stable disease; WHO = World Health Organization.
Prospective study of induction and alloSCT in CLL M van Gelder et al Bulky lymphadenopathy at the time of alloSCT had been identified as a risk factor for poor outcome after alloSCT. 1, 18, 19 R-DHAP was effective in 'debulking' patients as the presence of bulky lymphadenopathy had disappeared in 10 of the 12 patients before alloSCT. Nevertheless, for unclear reasons a trend for inferior PFS remained in the intention to treat analysis.
As the introduction of B-cell receptor signal inhibitors (BCRi), the place of alloSCT in the treatment armentarium for high-risk CLL has become a matter of debate. 42 Overall, these drugs, which are to be taken until disease progression, seem well tolerated, but a substantial number of patients discontinues because of sideeffects (4% at a median follow-up of 9.4 months and 16% at 20.9 months for ibrutinib, 43, 44 9% for idelalisib at a median followup of only 3.8 months 45 ). Patients that discontinue treatment have a short survival, 46 which illustrates that durable disease control had not been provided. R/R patients without del(17p) or del(11q) have a high chance of remaining progression-free during ibrutinib treatment at longer follow-up (30 months PFS 87% and OS 90%), but it is unclear if outcome differs for patients fulfilling the 2 remaining EBMT Transplant Consensus criteria. 47 Patients with del (11q) and particularly those with del(17p) clearly have a lower PFS and OS (30 months PFS 74% and 48% and OS 85% and 65%, respectively). 47 Approximately 30% of the patients relapsing under targeted therapy do so with transformed disease that leads to death in the vast majority, but also mortality in non-transformed relapsing patients is high. 46 Although the survival outcomes of BCRi treatment seem better than the general results of alloSCT, the latter option may still be favored for R/R del (17p) CLL patients when they are relatively young, respond to salvage therapy and have a well HLA-and, in case of male patients, sex-matched donor, [1] [2] [3] [39] [40] [41] especially because the presence of del(17p) does not impact transplantation results (this study and references 1-3).
An important issue with respect to targeted therapies is their current limited availability, even in Western-European countries, because of their high costs. Thus far, many patients have been treated with these novel classes of agents as part of clinical studies. It is unknown yet if the current transplant policy in centers/countries without unrestricted access to targeted therapies has substantially changed. The number of transplants performed in 2014 for CLL as reported to EBMT until October 2015 is slightly lower than the number reported until this time in previous years.
The use of BCRi for the purpose of bridging high-risk patients to alloSCT may seem obvious because of their high efficacy including reduction of lymph node size and their low toxicity profile 43, 45 which may lead to a higher transplant rate than observed in this prospective (67%) and another, retrospective, study (60%), 38 but it is up to now unknown what percentage of transplanted patients after BCRi induction develop rapidly progressive disease shortly after alloSCT as anecdotally communicated. The pros and cons of continuing BCRi post alloSCT are also unknown as there are concerns for a possible higher incidence of GvHD under either idelalisib or ibrutinib because of inhibition of regulatory T-cell function 48 and increased Th1 T-cell activity, 49 respectively. Finally, when alloSCT is considered for targeted therapy refractory patients, R-DHAP induction may well result in a similar response rate to that observed in our study as the mechanisms of Abbreviations: alloSCT = allogeneic stem cell transplantation; CT = computed tomography; MRD = minimal residual disease; PD = progressive disease; SD = stable disease. resistance to targeted therapy 50 are not expected to affect the response to cisplatin-based induction. 
